The L-glutamate transporter GLT-1 is an abundant central nervous system (CNS) membrane protein of the excitatory amino acid transporter (EAAT) family that controls extracellular L-glutamate levels and is important in limiting excitotoxic neuronal death. Using reverse transcription-polymerase chain reaction, we have determined that four mRNAs encoding GLT-1 exist in mouse brain, with the potential to encode four GLT-1 isoforms that differ in their N and C termini. We expressed all four isoforms (termed MAST-KREK, MPK-KREK, MAST-DIETCI, and MPK-DIETCI according to amino acid sequence) in a range of cell lines and primary astrocytes and show that each isoform can reach the cell surface. In transfected human embryonic kidney (HEK) 293 or COS-7 cells, all four isoforms support high-affinity sodium-dependent L-glutamate uptake with identical pharmacological and kinetic properties. Inserting a viral epitope (tagged with V5, hemagglutinin, or FLAG) into the second extracellular domain of each isoform allowed coimmunoprecipitation and time-resolved Fö rster resonance energy transfer (tr-FRET) studies using transfected HEK-293 cells. Here we show for the first time that each of the four isoforms is able to combine to form homomeric and heteromeric assemblies, each of which is expressed at the cell surface of primary astrocytes. After activation of protein kinase C by phorbol ester, V5-tagged GLT-1 is rapidly removed from the cell surface of HEK-293 cells and degraded. This study provides direct biochemical evidence for oligomeric assembly of GLT-1 and reports the development of novel tools to provide insight into the trafficking of GLT-1.
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GLT-1 (the human homolog of which is EAAT2) is the predominant excitatory amino acid transporter in the CNS, mediating up to 95% of the total sodium-dependent glutamate uptake Haugeto et al., 1996; Tanaka et al., 1997) . GLT-1 is predominantly expressed on astrocytes, and its main functions are to regulate synaptic glutamate levels and to prevent excitotoxic neuronal death as a result of prolonged excitation of glutamate receptors (Danbolt, 2001 ; Rattray and Bendotti, 2006) . GLT-1 is a multi membrane-spanning protein that, on the basis of biochemical analyses, has been suggested to exist as a multimer (Haugeto et al., 1996; Gendreau et al., 2004) . This concept has been strengthened after the resolution of the crystal structure of a bacterial homolog of GLT-1 that reveals a trimeric structure (Yernool et al., 2004) .
In recent years, a number of splice variants of GLT-1 have been described (Table 1) that, where tested, have human homologs in the EAAT2 gene. At the 3Ј end of the GLT-1 gene, alternative exon use can result in the generation of at least three distinct C-termini. Immunoreactivity against each of the three different C termini has been demonstrated to be present in the CNS (Rothstein et al., 1994; Schmitt et al., 2002; Rauen et al., 2004) . In addition, at the 5Ј end of the gene, there is extensive differential exon use predicted to result in at least four distinct N termini (Utsunomiya-Tate et al., 1997; Mü nch et al., 2002; Rozyczka and Engele, 2005) , although which N termini are expressed in the CNS in vivo has not yet been established. Thus, at least 12 isoforms of GLT-1 potentially exist, depending on the exact splicing around the 5Ј and 3Ј ends of the coding sequence.
Because GLT-1 can exist as an oligomeric assembly, then isoforms may combine to form homomers or heteromers, raising the possibility that there are a large number of different GLT-1 multimers, with distinct functional properties. Not only is it not yet known whether or not heteromers can exist, but there is little direct evidence to address whether there are functional differences between GLT-1 isoforms. GLT-1 isoforms that differ in their C termini (KREK or 1a and DIETCI or 1b/v) have been compared and show no functional differences in transport activity (Utsunomiya-Tate et al., 1997; Chen et al., 2002; Sullivan et al., 2004) . However, a detailed comparison of all important mammalian isoforms that differ in their N and C termini has not been made.
In some neurodegenerative diseases or CNS injury states, there is an alteration of relative expression of GLT-1 isoforms. For example, Mü nch et al. (2002) showed increased expression of a transcript containing the "5UT4" exon, predicting that alternatively spliced GLT-1 isoforms bearing an N terminus with the initial amino acid residues MPK may be relatively up-regulated in a mouse model of amyotrophic lateral sclerosis (ALS). Furthermore, they proposed that the MPK isoform(s) may contribute to down-regulation of functional GLT-1. Yi et al. (2005) showed a decrease of GLT-1 containing the DIETCI C terminus in a model of traumatic brain injury, and in a piglet model of hypoxia, there is a relative loss of isoforms containing the KREK C terminus without loss of DIETCI immunoreactivity . Given the importance of GLT-1 in neuroprotection, these findings suggest that the relative changes in levels of different GLT-1 isoforms may have functional implications. Some isoforms or multimeric combinations of isoforms may be more effective in limiting neuronal injury resulting from increased glutamate levels, for example by having a higher rate of glutamate uptake or possessing increased stability in the plasma membrane.
We set out to determine the function and multimerization of mouse GLT-1 isoforms. We first identified which GLT-1 isoforms are the most abundantly expressed at the mRNA level and then produced epitope-tagged GLT-1 isoform cDNA constructs to enable the cell surface expression, multimerization, and pharmacological properties of GLT-1 to be determined. Furthermore, we report the use of these constructs in in vitro assay systems to assess the regulation of cell-surface expression of GLT-1 by the protein kinase C activator, phorbol ester.
Materials and Methods
RT-PCR, cDNA Constructs, and Epitope Tagging. Total RNA was extracted from mouse frontal cortex using RNABee reagent, and reversed transcribed into cDNA. Mouse GLT-1 splice variant cDNAs were obtained by PCR using oligonucleotide primers (Sigma Aldrich, Poole, UK) against regions common to all splice variants or specific to the N-or C-terminal sequences (primer sequences in Supplemental Table 1 ). Twenty-five-microliter reactions contained 0.2 M forward primer, 0.2 M reverse primer, 2.5 l of cDNA, 0.2 units/l Platinum Taq high fidelity (Invitrogen, Paisley, UK), 0.2 mM dNTPs, and 2 mM MgSO 4 in 1ϫ buffer (60 mM Tris-SO 4 , pH 8.9, 18 mM ammonium sulfate; Invitrogen). Amplification was performed for 35 cycles (94°C for 30 s, 55°C for 30 s, then 68°C for 110 s) followed by a final extension period at 68°C for 7 min. Full-length cDNA PCR products for each splice variant of GLT-1 were ligated into the plasmid pCR2.1 then subcloned into pcDNA3.1-(Invitrogen) and sequenced (Molecular Biology Unit, King's College, London, UK). Sequences coding for the V5 (GKPIPNPLLGLDST), hemagglutinin (HA; YPYDVPDYA), or FLAG (DYKDDDDK) epitope tags were inserted into the region of cDNA encoding the large extracellular loop of the transporter (between Pro 199 and Pro 200 ) using a two-step PCR method with overhanging primers (adapted from Zeng et al., 2004) . The resulting PCR products were re-introduced into the GLT-1 sequences between the BbvCI and BsrGI restriction sites.
Cell Culture and Transient Transfections. All cells were maintained in 95% O 2 /5% CO 2 at 37°C. COS-7 and HEK-293 cells were grown in Dulbecco's modified Eagle's medium containing 2 mM L-glutamine, 4500 mg/liter D-glucose, and 110 mg/liter sodium pyruvate, supplemented with 10% heat-inactivated fetal bovine serum (FBS), 100 units/ml penicillin, and 100 g/ml streptomycin. Primary cortical astrocytes were prepared from 15-to 16-day-old NIH Swiss mouse embryos (Harlan, Bicester, Oxon, UK) as previously described (Tortarolo et al., 2004) and plated at 10 6 cells/ml into 24-well plates containing 13-mm round glass coverslips coated with 1.5 g/ml poly-L-ornithine and 2 g/ml laminin. Cells for transient expression studies at 90 to 100% confluence were transfected with cDNAs using Lipofectamine 2000 reagent (Invitrogen) for 6 h. cDNAs used encoded the GLT-1 splice variants, or histamine H 4 receptors (kind gifts of Dr. Paul Chazot, University of Durham, UK). COS-7 and HEK-293 cells were used 24 h after transfection.
Western Blotting. Total cell proteins were extracted at 4°C using lysis buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1% Triton X-100, 2 mM EDTA, 2 mM EGTA, 0.5 mM PMSF, 10 g/ml leupeptin, 2 g/ml pepstatin A, 50 mM NaF, 1 g/ml chymostatin, 5 mM Na 4 P 2 O 7 , and 5 cells/well, and transfected with GLT-1 splice variant cDNA 24 h before the assay. Stably transfected HEK-293 cells, which were selected for stable expression of GLT-1 isoforms and maintained in Dulbecco's modified Eagle's medium supplemented with 10% FBS, 10 units/ml penicillin, 10 g/ml streptomycin, and 400 g/ml G-418 (Geneticin), were seeded 24 h before the assay at a density of 2 ϫ 10 5 cells/well. Twernty-four-well culture plates used for uptake assays were precoated in 10 g/ml poly-Dlysine. All incubations were done in HEPES-buffered saline solution (HBS; 5 mM Tris base, pH 7.4, 10 mM HEPES, 140 mM NaCl, 2.5 mM KCl, 1.2 mM CaCl 2 , 1.2 mM MgCl 2 , 1.2 mM K 2 HPO 4 , and 10 mM glucose). Cells were washed twice with Na ϩ -free HBS (prepared by equimolar replacement of Na ϩ with choline) at room temperature, then incubated with 3 to 115 M L-glutamate ( Bridges and Esslinger (2005) . For each assay, parallel determinations were performed using Na ϩ -free HBS containing 50 nM [ 3 H]L-glutamate but no inhibitors. Immunofluorescence. Cells on glass coverslips were washed twice with PBS and fixed in 4% paraformaldehyde for 30 min. Cells were washed three times with PBS before blocking for 30 min with 1% (v/v) normal goat serum (NGS) in PBS. Cells were incubated with anti-V5 antibody (1:500) and/or anti-HA antibody (1:100) for 1 h in PBS containing 1% NGS. Cells were washed three times in PBS, followed by 90-min incubation with anti-rabbit Alexa Fluor 568, anti-mouse Alexa Fluor 568, or anti-mouse Alexa Fluor 488 (1:500; Invitrogen). Cells were washed three times in PBS before mounting using Mowiol antifade mountant containing the nuclear stain Hoechst 33342 (0.5 M). Cells were visualized and images captured simultaneously in the red, green, and blue channels using a Carl Zeiss Axioplan 2 microscope rig with Axiovision Imaging software (Carl Zeiss GmbH, Jena, Germany).
A two-step immunofluorescence protocol was employed to differentiate between cell surface and intracellular populations of V5-tagged GLT-1. The V5 epitope expressed at the cell surface of fixed, unpermeabilized cells was detected as described above using the anti-V5 primary antibody and a secondary antibody conjugated to Alexa Fluor 488 (green). Cells were washed three times in PBS and then incubated with an unconjugated anti-mouse secondary antibody (Zymed Laboratories, South San Francisco, CA) to block any remaining primary antibody binding sites at the cell surface. The cells were then washed again and post-fixed in 4% paraformaldehyde. After washing, the cells were blocked and permeabilized in PBS containing 1% NGS and 0.2% Triton X-100. Another round of primary (anti-V5) and secondary (Alexa Fluor 568, red) antibodies was used to detect intracellular V5. The cells were then washed and mounted as described above.
Coimmunoprecipitation. HEK-293 cells were transfected 24 h before the coimmunoprecipitation assay with pairs of epitope-tagged GLT-1 splice variants. Immediately before the assay, cells were rinsed twice with PBS and lysed in solubilization buffer (10 mM HEPES pH 7.5, 145 mM NaCl, 0.1 mM MgCl 2 , 1% Triton X-100, 1 mM EGTA, 1 mM PMSF, 1 mM Na 3 VO 4 , 1 mM NaF, 1 g/ml aprotinin, 1 g/ml leupeptin, and 1 g/ml pepstatin A). These detergent-solubilized extracts were centrifuged at 100,000g at 4°C and supernatants diluted in solubilization buffer to achieve a final concentration of 1 mg/ml protein and 0.5% Triton X-100. Samples were precleared by incubation with 20 l of protein A/G agarose (Calbiochem, La Jolla, CA) on a rotating mixer for 30 min at 4°C, then centrifuged at 317 g for 2 min. Supernatants were incubated with 2.5 g of anti-V5 antibody (Invitrogen) or mouse myeloma IgG 2A (Invitrogen) overnight on a rotor at 4°C. Protein A/G agarose (37.5 l) was added, and samples were incubated on a rotor for 1 h at 37°C. Pellets were collected by centrifugation at 317g for 1 min and washed three times with 1 ml of solubilization buffer containing 0.5% Triton X-100. Precipitated proteins were eluted by incubation with 100 l of 1ϫ Laemmli buffer on a rotor at room temperature for 30 min, then heated to 95°C for 4 min. Lysates (30 l) and immunoprecipitates (15 l for V5 probe or 60 l for HA probe) were analyzed by Western blot.
Time-Resolved Fö rster Resonance Energy Transfer. HEK-293 cells were transfected with cDNA encoding the FLAG-or HAtagged GLT-1 splice variants or histamine H 4 receptors, or cotransfected with two constructs. Twenty-four hours after transfection, intact cells were harvested in ice-cold PBS then pelleted by centrifugation at 162g for 5 min and resuspended at a concentration of 20 ϫ 10 6 cells/ml in PBS containing FBS [50% (v/v)]. Aliquots of 4 ϫ 10 6 cells were incubated for 4 h at room temperature with 5 nM Eu 3ϩ -labeled anti-FLAG and 15 nM XL-665-labeled anti-HA (Cisbio International, Bagnols, France). Samples consisting of cells pooled from separate transfections were processed in parallel to cotransfected cells. Negative controls, which were incubated with the donor fluorophore only, were included for every sample. Cells were then pelleted by centrifugation at 714g for 2 min, and washed twice with 200 l of PBS. Cells were resuspended in 200 l of PBS and transferred to a white opaque 96-well plate. Energy transfer between the donor and acceptor fluorophores was measured by excitation at 313 nm and detection of emission at 665 and 320 nm for 450 s after a 50-s delay, using a FlexStation3 plate reader (Molecular Devices, Sunnyvale, CA).
Surface Biotinylation. V5-MPK-DIETCI (GLT-1)/HEK-293 cells were treated with 100 nM phorbol 12-myristate 13-acetate (PMA) in normal growth media for 10, 30, or 60 min at 37°C, or subjected to a DMSO control. Cells were rinsed twice at 37°C in PBS/Ca 2ϩ /Mg 2ϩ (138 mM NaCl, 2.7 mM KCl, 1.5 mM KH 2 PO 4 , 9.6 mM Na 2 HPO 4 , 1 mM MgCl 2 , and 0.1 mM CaCl 2 ), then incubated with freshly prepared 1 mg/ml sulfo-NHS biotin (Pierce, Rockford, IL) at 4°C for 20 min. The biotinylation solution was removed, and cells were rinsed twice with PBS/Ca 2ϩ /Mg 2ϩ (as above) containing 100 mM glycine and followed by a 45-min incubation in this solution at 4°C. Cells were lysed in radioimmunoprecipitation assay buffer (100 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 1 g/ml leupeptin, 1 g/ml aprotinin, and 250 M PMSF). Lysates were incubated at 4°C for 60 min on a plate shaker, and then centrifuged at 17,860 g for 20 min at 4°C. Of the supernatant fraction, 40% of the volume was retained and frozen (total fraction), and 60% of the volume was incubated with an equal volume of immunopure immobilized monomeric avidin beads (Pierce) on a rotating mixer at room temperature for 60 min. The samples were then centrifuged at 17,860g for 5 min at 4°C. The supernatant was retained and frozen (intracellular fraction). The beads were then washed three times with 80 l of RIPA buffer. Cell surface proteins were eluted from the avidin-biotin complex by incubation with Laemmli buffer on a rotating mixer for 30 min at room temperature, then heating to 95°C for 5 min. The total and intracellular fractions were also diluted with Laemmli buffer. Samples (12.5 l of total lysate, 10 l of the cell surface membrane fraction, and 25 l of the intracellular fraction) were analyzed by Western blot.
Data Analysis. Throughout the article, numerical values, where shown, are the mean of the number of independent experiments with S.E.M. Quantification of band intensities from Western blots for cell surface biotinylation studies was performed using ImageJ (http:// rsbweb.nih.gov/ij/) and data analyzed using Prism (GraphPad Software, San Diego, CA). Band intensities were normalized to compare data from three independent experiments. For each of the total lysate samples, the band intensities for the glycosylated monomeric and multimeric bands were added, and this value was expressed as a percentage of the summed band intensities for all total lysate samples from that film. To determine the relative intracellular distribution of GLT-1, the cell surface membrane (M) fraction and intracellular (IC) fractions were calculated as M/(M ϩ IC) and IC/(M ϩ IC) respectively. Significant differences in total expression were determined using one-way ANOVA with the Bonferroni post hoc test. P values Ͻ0.05 were considered statistically significant.
For [ 3 H]L-glutamate uptake studies, the rate of Na ϩ -dependent uptake was calculated in pmol ⅐ mg Ϫ1 ⅐ min
Ϫ1
, and regression lines were fitted to one-site saturation curves. K m and V max were determined from Eadie-Hofstee transformation of the saturation data. At least three independent experiments were performed and data analyzed using GraphPad Prism. Differences in K m or V max were tested for significance using one-way ANOVA with the Bonferroni post hoc test. Uptake in the presence of transport inhibitors was calculated as percentage of maximum Na ϩ -dependent uptake in the absence of inhibitor. Sigmoidal dose-response curves were fitted to the log concentration-response graphs and IC 50 values were calculated. Statistical significance was determined using one-way ANOVA with the Bonferroni post hoc test (Prism).
For tr-FRET studies, fluorescence detected at 620 nm was defined as the total Eu 3ϩ (donor) signal. The fluorescent signal from PBS at 620 and 665 nm was subtracted from the values and the ratio R ϭ [(fluorescence at 665/fluorescence at 620) ϫ 10 4 ] was calculated. The specific signal over background was then determined using the formula: ⌬F ϭ (R pos Ϫ R neg )/(R neg ), where R pos corresponds to the ratio of fluorescence for the samples, and R neg corresponds to the ratio of energy transfer for the negative control (incubated with the donor fluorophore only). Data were analyzed using GraphPad Prism. Significant differences in total expression were determined using oneway ANOVA with the Bonferroni post hoc test. P values Ͻ0.05 were considered statistically significant.
Results

Expression of mRNAs Encoding GLT-1 Isoforms in
Mouse CNS. The different predicted N-and C-terminal splice variants for mouse GLT-1 are shown in Table 1 . To determine whether each of the 12 possible isoforms is expressed, RT-PCR was used to determine the presence of mRNAs encoding each of these putative GLT-1 variants using specific primers (primers are listed in Supplemental Table 1). RT-PCR was performed on cDNA prepared from adult mouse cerebral cortex, using primers against a region common to all splice variants, or primers specific for each N-or C-terminal splice variant (Fig. 1) . Of the N-terminal variants, transcripts containing exons encoding MAST and MPK N termini are abundant, but transcripts containing sequences leading to MVS and MKRP N termini are not found. The MVS N-terminal splice variant was successfully amplified from mouse liver cDNA (result not shown). Of the C termini, variants encoding the DIETCI and KREK C termini are abundant, and transcripts encoding variants with the SWV C terminus are found only at low levels. Using RT-PCR, full-length mRNAs encoding four of the twelve possible isoforms are found to be expressed at detectable levels (Fig. 1) . We henceforth refer to these four most abundant GLT-1 isoforms as MAST-DIETCI, MAST-KREK, MPK-DIETCI, and MPK-KREK according to the amino acid sequence at both termini.
Construction and Expression of Epitope-Tagged GLT-1 Isoforms. To facilitate the study of functional differences and multimerization of GLT-1 isoforms, we produced full-length cDNA constructs with a small epitope tag (V5, HA, or FLAG) in the second extracellular loop. Because well Fig. 1 . Identification of N-and C-terminal splice variants of GLT-1 expressed by mouse cerebral cortex. RNA was isolated from mouse cerebral cortex, and RT-PCR was performed using primers against the coding sequence common to all splice variants (CDS) or specific to each N-or C-terminal splice variant. Images are representative of three independent experiments. Transcripts encoding the MAST and MPK(UT2) N-terminal splice variants and the DIETCI and KREK C-terminal splice variants were predominantly expressed, and all four possible fulllength isoforms containing combinations of these termini were successfully amplified. PCR products were resolved on a 1% agarose gel against HyperLadder I (Bioline Ltd., London, UK).
Heteromeric Assembly of GLT-1 Variants
characterized antibodies are available to these tags, these extracellular epitopes allow detection of cell-surface GLT-1 and its regulation using a range of experimental techniques that could not be carried out using the commonly available anti-GLT-1 antibodies, all of which bind to intracellular portions of the transporter. In addition, because we are interested in the role of the intracellular N and C termini in mediating GLT-1 function and regulation, we did not wish to produce fusion proteins that might affect these properties. Western blotting analysis was carried out on untagged and tagged MAST-KREK and MPK-DIETCI splice variants expressed in COS-7 cells (Fig. 2) . The results show that constructs encoding tagged GLT-1 (Fig. 2, lanes 2-4, 6-8) produce GLT-1-immunoreactive protein with the same banding pattern as untagged GLT-1 (lanes 1 and 5) . Under the extraction and electrophoresis conditions used here, we see a predominant immunoreactive band at approximately 75 kDa, and immunoreactive bands of higher molecular weights, similar to the predominant molecular species found in native GLT-1 present in protein extracts of mouse brain (lane 9). The 75-kDa band is always broad, and often appears as a doublet. All the constructs, whether tagged or untagged, produce additional GLT-1-immunoreactive bands of at approximately 53 kDa, which are not found as major species in native GLT-1 in mouse brain extracts. Figure 2 , B to D, shows that the tagged isoforms, but not the untagged isoforms or native GLT-1, show specific immunoreactivity when Western blots are probed with anti-epitope antibodies. We note that when probed with anti-HA antibodies or anti-FLAG antibodies, the monomeric forms appear weak, even though they are present as determined by GLT-1 immunoreactivity. This suggests that, in monomeric forms, the HA and FLAG epitopes are partially masked, but because the monomeric form is unchanged in abundance compared with untagged GLT-1 constructs when probed with a GLT-1 antibody ( Fig. 2A) , the data do not suggest that these epitopes promote multimerization.
A range of cell types (HEK-293, MDCK, and primary mouse astrocytes) were transfected with constructs encoding V5-tagged GLT-1 isoforms. The distribution of GLT-1 was determined by immunofluorescence. Using primary antibodies without cell permeabilization, there is intense cell-surface immunoreactivity for all isoforms. For example, Fig. 3 , A to D, shows the expression of V5-tagged MAST-KREK, MAST-DIETCI, MPK-KREK, and MPK-DIETCI at the cell surface of primary mouse astrocytes. Similar expression patterns are observed in all other cell types tested (results not shown). Cell surface expression of GLT-1 constructs was further confirmed using cell-surface biotinylation. A representative experiment using HEK-293 cells stably transfected with V5-MPK-DIETCI is shown in Fig. 3E . The majority of this GLT-1 isoform is biotinylated [i.e., present on the cell surface membrane (M fraction)], and a smaller amount is present in intracellular compartments (IC). This data also shows that although the 75-kDa monomeric form and the higher molecular weight multimeric forms are present on the cell surface, the 53-kDa species is only present in the intracellular fraction.
Functional Studies of GLT-1 Isoforms and Effect of Addition of an Epitope Tag. We next tested whether each GLT-1 isoform is functional (i.e., can support glutamate uptake). Each of the tagged and untagged GLT-1 variants, when transiently transfected in COS-7 cells, supports sodium-dependent uptake of [ 3 H]L-glutamate or [ 3 H]D-aspartate (data not shown). To determine whether GLT-1 isoforms differing in their N and C termini are also functionally different, kinetic analyses were carried out to determine the kinetic parameters of the four main GLT-1 isoforms transiently expressed in COS-7 cells (Table 2 ). The K m for Lglutamate uptake does not vary between the four isoforms (range, 43-58 M). When stably expressed in HEK-293 cells, the K m values were similar to those obtained using COS-7 cells (data for MPK-DIETCI and V5-tagged MPK-DIETCI shown in Table 2 ). These data show that the presence of an epitope tag does not alter the affinity of GLT-1 for L-glutamate. We carried out a more detailed analysis of the functional properties of selected isoforms using the two most different GLT-1 isoforms, MAST-KREK and MPK-DIETCI, in stably transfected HEK-293 cells. To determine whether epitope tagging altered the pharmacological properties, we also tested the V5-MPK-DIETCI isoform and, as a control, HEK-293 cells stably transfected with a well characterized inducible rat GLT-1 isoform were also characterized (Dunlop et al., 1999) . We determined the IC 50 values for a wide range of transportable and nontransportable EAAT blockers of different chemical classes (reviewed by Bridges and Esslinger, 2005) . Inhibition curves for all 12 compounds on the MAST-KREK GLT-1 isoform are shown in Fig. 4 (nonsubstrate blockers at top, substrate blockers at bottom). These inhibition curves are similar for each of the other three GLT-1 isoforms tested (data not shown). Table 3 shows the IC 50 values for each of inhibitors against each of the four GLT-1 constructs tested. There is no difference between isoforms in the rank order of potency of the inhibitors or in the IC 50 values. 
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Homomeric and Heteromeric Association of GLT-1 Isoforms. To determine whether any of the GLT-1 isoforms has a dominant-negative effect on expression, we expressed every combination of the four isoforms in a pair-wise fashion, using both V5-and HA-tagged forms to enable detection using dual color immunofluorescence on unpermeabilized cells. For each of the 10 possible pairs, both the HA-and the V5-tagged isoforms were expressed on the cell surface with a complete overlap in distribution (Fig. 5) .
To determine whether GLT-1 isoforms can form homomers and/or heteromers, coimmunoprecipitation experiments were carried out using HEK-293 cells transfected with each of the pair-wise combinations of HA-and V5-tagged GLT-1 isoforms. Figure 6 shows examples of blots for two of the cotransfected pairs (Supplemental Figs. 1 and 2 shows blots for all the pair-wise combinations). Detergent-solubilized cell extracts from transiently transfected cultures with abundant coexpression of HA-and V5-tagged GLT-1 (V5-and HAimmunoreactivity of extracts shown in Fig. 6A ) were incubated with anti-V5 antibody (ϩ) to precipitate V5-immunoreactive species or an IgG 2A control antibody (Ϫ) as a negative control. As an additional control to eliminate the possibility that multimers were forming during the experimental procedure, extracts from cells singly transfected with V5-MAST-KREK GLT-1 and HA-MAST-DIETCI GLT-1 were mixed together. After immunoprecipitation with protein A/G agarose, immunoprecipitates were analyzed by Western blot, using either an anti-V5 antibody (Fig. 6B, left) or an anti-HA antibody (Fig. 6B, right) . As expected, V5 immune pellets display good anti-V5 immunoreactivity, with bands present representing the monomeric and higher molecular weight species present. The anti-HA blot reveals a strongly immunoreactive band of high molecular weight only in the samples that originate from cells that coexpress V5-and HA-tagged GLT-1 and where the anti-V5 antibody is used for immunoprecipitation. This prominent band is consistent with a multimeric form of GLT-1 containing both of the transfected isoforms and is found in each of the combinations of GLT-1 isoforms tested but none of the negative controls.
An additional technique was used to confirm whether GLT-1 variants can associate. Pair-wise combinations of HAand FLAG-tagged GLT-1 isoforms were transfected into HEK-293 cells. As a positive control, cells cotransfected with HA-and FLAG-tagged histamine H 4 receptor subunits were used because the H 4 receptor has previously been shown to form multimers (van Rijn et al., 2006) . Whole cells were suspended and subjected to tr-FRET using Eu 3ϩ -labeled anti-FLAG as the donor fluorophore and XL-665-labeled anti-HA as the acceptor fluorophore. As a negative control, for each pair, cells expressing each one of the GLT-1 isoforms were mixed; in these samples, any tr-FRET signal cannot be due to the presence of GLT-1 multimers. These FRET studies (Fig. 6C) reveal that each of the pair-wise combinations of GLT-1 isoforms, when coexpressed, produces a strong tr-FRET signal, indicating close spatial proximity of the HA and V5 tags. On the other hand, mixed cells do not produce a tr-FRET signal. The difference between cotransfected and pooled cells is highly significant (p Ͻ 0.0001).
Regulation of Cell Surface GLT-1 by Phorbol Ester. Activation of protein kinase C (PKC) by phorbol esters has been suggested to drive an internalization of GLT-1 in a number of cell types, including stably and transiently transfected C6 glioma, primary mouse astrocytes induced to express GLT-1 by dibutyryl cAMP, and neuron-enriched rat cortical cocultures (Susarla and Robinson 2008; Zhou and Sutherland 2004; Kalandadze et al., 2002; Gonzá lez et al., 2005; Guillet et al., 2005) . As a proof of concept to test the utility of these novel epitope-tagged GLT-1 isoforms to study regulated trafficking, we used HEK-293 cells stably expressing V5-MPK-DIETCI and surveyed the cell surface and intracellular expression of GLT-1 using an anti-V5 antibody. The extracellular epitope allows consecutive staining of extracellular and intracellular immunoreactivity. Figure 7 , A and B, shows immunofluorescent images that reveal the redistribution of V5-immunoreactivity from the cell surface membrane (green) to intracellular compartments (red) within 1 h of exposure to phorbol ester (100 nM). Cell surface biotinylation was also carried out (Fig. 7C) , and the data were quantified (Fig. 7, D and E) . Treatment with PMA results in a loss of V5-MPK-DIETCI from the cell surface and a corresponding increase in the intracellular compartment. This effect is maximal at 30 min, resulting in a 31.6% loss of V5-MPK-DIETCI from the cell surface (membrane normalized band intensities: control, 0.76 Ϯ 0.04; after 30-min PMA treatment, 0.52 Ϯ 0.03; intracellular normalized band intensities: control, 0.24 Ϯ 0.04; after 30-min PMA treatment, 0.48 Ϯ 0.03). A significant (25%) loss of total V5-immunoreactivity was also observed (Fig. 7D ) (normalized band intensities: control, 29.6 Ϯ 1.0; 60-min PMA, 22.2 Ϯ 1.6), suggesting that GLT-1 is degraded after activation of PKC. 
In addition, disease-producing SOD1 mutants that downregulate GLT-1 in transgenic mice (e.g., Bendotti et al., 2001) or in cultured cells (e.g., Tortarolo et al., 2004 ) caused a marked decrease in cell surface expression of GLT-1 in primary astrocytes cotransfected with V5-tagged GLT-1 and green fluorescent protein N-terminal fusion proteins with different human superoxide dismutase-1 (SOD1) mutants: GFP-hSOD1 wt , GFP-hSOD1 G93A , GFP-hSOD1 A4V , GFP- hSOD1 G37R , GFP-hSOD1 G85R (De Vos et al., 2007; Supplementary Fig. 3 ).
Discussion
Using RT-PCR, full-length mRNAs encoding 4 of the 12 possible isoforms are found to be expressed at detectable levels. These transcripts encode MAST or MPK N termini with either the DIETCI or KREK C termini. Because previous reports have only focused on either the N or the C termini, this is the first analysis to identify the most important full-length GLT-1 isoforms that have the potential to be expressed in the CNS. A quantification of relative abundance of the full-length transcripts (approximately 1.7 kilobase pairs) could not be carried out because of the technical difficulties of such an approach. Real-time PCR is precluded because of the amplicon length (Nolan et al., 2006) . Although relative and absolute quantification of transcript abundance was not carried out here, we note that the MAST-KREK form and the MPK-DIETCI isoform are the most and least abundant, respectively, of the four isoforms found (results not shown). The relative abundance of the C-terminal (SWV, DIETCI, KREK) and N-terminal portions of GLT-1 (MAST, MPK) shown qualitatively here are in close agreement with previously published studies (Mü nch et al., 2002; Lauriat et al., 2006) . The failure to detect the MKRP N terminus in this study could represent a lack of expression in mouse, because this variant has only been amplified from rat astrocyte cultures (Rozyczka and Engele, 2005) .
We generated GLT-1 variants with a small epitope tag in the second extracellular loop and carried out a detailed characterization of the molecular and pharmacological properties of these novel constructs. Glutamate transporters are generally accepted to form multimers, with evidence from X-ray crystallography, electron microscopy, chemical cross-linking, and blue-native polyacrylamide gel electrophoresis predominantly indicating a trimeric quaternary structure. Haugeto et al., 1996; Gendreau et al., 2004; Yernool et al., 2004; Raunser et al., 2005) . Using Western blotting, we observed that each of the four isoforms, whether tagged or not, showed a predominant broad band of molecular weight of approximately 75 kDa, which sometimes appears as a doublet, corresponding to the monomer. The presence of a range of bands of approximately this size may be due to variations in post-translational modification and/or proteolysis of GLT-1 (Danbolt 2001; Boston-Howes et al., 2006; Gibb et al., 2007) . As well as monomeric GLT-1, all constructs and endogenous GLT-1 show a cluster of immunoreactive bands with molecular masses of Ͼ180 kDa. On the basis of the band sizes on Western blots, our data suggest that trimers are the main multimeric species, but the data do not rule out higher order assemblies. We note that these higher molecular mass species are retained even during electrophoresis in denaturing conditions, and therefore the multimers observed by Western blotting are likely to represent oligomeric species that are stabilized by covalent linkages that occur during tissue processing.
For the tagged variants, in some cases the signal from the monomeric forms is weak, suggesting that in the monomeric forms, the epitope is partially masked under these conditions. All the constructs, tagged or untagged, produce additional immunoreactive bands at approximately 53 kDa that are not found in endogenous GLT-1. Cell surface biotinylation shows this species is intracellular. We believe this represents unglycosylated immature GLT-1 that is present in intracellular compartments (e.g., Raunser et al., 2005) .
Cell-surface biotinylation, immunofluorescence and glutamate uptake assays show that all four GLT-1 isoforms tested reach the cell surface in a functional state. The majority of monomeric and multimeric GLT-1 are present on the cell surface, with a smaller amount present in intracellular compartments. The K m values obtained (range, 43-58 M) show that each isoform has similar affinity for L-glutamate and is likely to operate over the same range of glutamate concentrations. The K m values are in good agreement with published values of between 10 and 100 M for heterologous GLT-1 expression in cell lines (Arriza et al., 1994; Dunlop et al., 1999; Danbolt, 2001 ) and native GLT-1 (Bridges and Esslinger, 2005) . The V max varies between isoforms with the expression levels of the protein as assessed by Western blotting (results not shown). Thus differences in V max between isoforms reflect different transfection or translation efficiencies rather than inherent differences in glutamate transport kinetics. The similarity between isoforms was reflected by identical absolute and rank order of potency of a range of glutamate transport inhibitors. Therefore, pharmacological analysis shows no differences between the main GLT-1 isoforms. The data show that addition of an epitope tag into the second extracellular loop of GLT-1 does not affect functional properties; therefore, epitope-tagged GLT-1 can be used as a novel tool.
Whether GLT-1 isoforms can form heteromers as well as homomers had not previously been determined. Coimmunoprecipitation experiments using HEK-293 cells transfected with each pairwise combination of HA-and V5-tagged GLT-1 isoforms show the presence of HA-and V5-positive bands corresponding to multimeric assemblies. The band size is consistent with GLT-1 trimers and is found in each combination of GLT-1 isoforms but not negative controls. tr-FRET was also used and revealed that each of the pair-wise combinations of GLT-1 isoforms, when coexpressed but not when mixed, produced a signal indicating close spatial proximity of HA and V5 tags. Both sets of data show, for the first time, that GLT-1 subunits can directly associate with one another to form homomers and heteromers that are expressed on the cell surface.
These data together strongly suggest that the high molecular weight GLT-1 species found on Western blots are not simply artifacts due to processing or oxidative multimerization (e.g., Trotti et al., 1998) but are genuine multimeric assemblies present on the cell surface of living cells. The exact stoichiometry of the GLT-1 multimers on the cell surface, and the proportion of GLT-1 that is assembled into oligomers, is not known.
The four GLT-1 isoforms could combine in many permutations to form numerous different multimers. When expressed alone, each of the four main GLT-1 isoforms appears to have identical functional properties, discussed above. Although we did not directly test every isoform combination, we consider it unlikely, based on these results, that heteromeric combinations of GLT-1 isoforms would have any differences in their activities or sensitivity to inhibitors compared with homomeric assemblies. It is possible that certain GLT-1 isoforms act in a dominantHeteromeric Assembly of GLT-1 Variants negative manner, to reduce glutamate transporter activity. For example, an intron-7 retention splice variant has been suggested to act in this manner (Lin et al., 1998) , and a splice variant of a related transporter, GLAST, reduces insertion of the wild-type protein into the plasma membrane (Vallejo-Illarramendi et al., 2005) . To examine this possibility directly, we expressed every combination of the four isoforms in a pair-wise fashion and showed membrane localization of GLT-1 is unaffected by the expression of a second GLT-1 isoform. We exclude the possibility that any of the four N-and C-terminal GLT-1 isoforms can block cell-surface expression of other GLT-1 isoforms.
Functional differences between GLT-1 homomers and heteromers made up of the four different N-and C-terminal isoforms remain elusive, and none has been discovered in this study. We speculate that the different multimeric assemblies may represent pools of GLT-1 that can be differentially regulated under physiological or pathophysiological situations. For example, multimers containing certain GLT-1 isoforms may be relatively more stable at the cell membrane than others, because of differences in N-and C-terminal amino acid sequences. For example, the DIETCI but not the KREK C terminus of GLT-1 contains a PICK1 postsynaptic density 95/discs large/zona occludens binding motif that influences the ability of GLT-1 to be trafficked from the plasma membrane (Bassan et al., 2008) . GLT-1 variants with the DIETCI C terminus also bind postsynaptic density 95 (Gonzá lez-Gonzá lez et al., 2008) . Further studies are under way to test these points.
Our novel epitope-tagged constructs are a useful tool to study GLT-1 regulation at the cell surface under physiological and pathophysiological stimulation. Activation of PKC by phorbol esters has been shown previously to drive an internalization of GLT-1 in several cell types (e.g., Kalandadze et al., 2002; Susarla and Robinson, 2008) . Our immunofluorescence data support this concept qualitatively, and cell-surface protein biotinylation data from HEK-293 cells expressing these novel constructs confirm that PMA results in a loss of cell-surface V5-MPK-DIETCI and a corresponding increase in intracellular protein. The 32% loss of V5-MPK-DIETCI from the cell surface after 30-min treatment with 100 nM PMA closely agrees with previous results in a different system (Kalandadze et al., 2002) . The decrease from the plasma membrane, and the relevant aspects of internalization, intracellular pools, and re-insertion (Beart and O'Shea, 2007) , along with the regulation of different GLT-1 variants, should be the subject of further studies. GLT-1 down-regulation occurs in patients with ALS (Rothstein et al., 1995) and is considered to be a disease-modifying event in motor neuron degeneration in ALS (Rattray and Bendotti, 2006; Beart and O'Shea, 2007) . The down-regulation of GLT-1 is a highly selective phenomenon in astrocytes expressing disease-relevant SOD1 mutants, because a related glutamate transporter, GLAST, is not down-regulated (Tortarolo et al., 2004) . Here we show proof-of-concept data that V5-tagged GLT-1 is removed from the membrane of primary astrocytes after coexpression of SOD1 mutants that cause ALS. Thus the novel epitope-tagged GLT-1 constructs will allow more detailed study of pathophysiological regulation of GLT-1 and its variants.
